Abstract Palladium oxidation was studied by ambientpressure X-ray photoelectron spectroscopy in the mbar pressure range on the Pd(111) and Pd(110) surfaces. The oxidation kinetics on both surfaces show an induction period when the oxidation rate was low at the beginning and then accelerated. The slow initial oxidation is governed by (a) the rate of nucleus formation, and (b) the rate of oxide nucleus growth. Depth profiling varying photon energy/kinetic photoelectron energy pointed to a 3D oxidation. It is remarkable that the oxidation of Pd(110) proceeds at *100 K lower temperatures than on Pd(111). We suggest that at the high temperature required on Pd(111) nucleation is thermodynamically controlled, and therefore, the nucleation rate decreases with temperature. On Pd(110), nucleation is predominantly kinetically controlled and thus the oxidation rate increases with temperature.
Introduction
Palladium is a widely used catalyst for a number of hydrocarbon oxidation reactions such as total methane oxidation, partial oxidation of hydrocarbons, methanol steam reforming, water gas shift reaction, etc. (see for examples Refs. [1] [2] [3] [4] [5] [6] and Refs therein). In many cases, the oxidative chemistry of palladium is controlled by a certain chemical state of the surface. For instance, catalytic combustion of methane is carried out under conditions varying from low temperatures, where palladium oxide is the thermodynamically stable phase, to high temperatures, where palladium metal is the stable phase [2, 3, 6] . It was suggested that methane oxidation over palladium occurs with the highest rate on PdO and the reaction rate drops when the thermodynamic limit of PdO stability is exceeded (see e.g. Ref. [6] and Refs therein). On the other hand, partial oxidation of ethylene requires a reduced, carbondoped and oxygen-depleted surface; moreover, formation of a ''dissolved carbon phase'' is needed for enhanced selectivity towards C1 oxygenates and CO rather than CO 2 [7] . The basic conclusion is that the chemical state of palladium determines the pathway of a chemical reaction and, therefore, the mechanism of palladium oxidation is crucially important for understanding oxidative catalysis by palladium. However, an investigation of PdO formation in well-defined conditions (single crystals, ultra high vacuum conditions, etc.) is experimentally challenging due to thermodynamics limitation. Using Warner's expression [8] , one can work out that in 1 mbar O 2 , the PdO/Pd transition takes place at approximately 840 K. If this expression is extrapolated to low pressures, the PdO/Pd transition at 10 -6 mbar is estimated to occur at approximately 610 K.
In the past, palladium oxidation has received its fair share of attention, however, the main research stream was focused on low oxygen pressure (\10 -6 mbar), which is suitable for the common surface science tools (see e.g. Refs. [1, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and Refs therein). It was found that at room temperature a (2 9 2) O ads structure with a coverage of 0.25 ML forms on the Pd(111) surface [10] . An incommensurate two-dimensional surface oxide, Pd 5 O 4 , forms after exposure of the Pd(111) surface to 5 9 10 -6 mbar O 2 at 300°C as reported by Lundgren et al. [9] . Zheng and Altman [10] observed a similar surface structure upon exposure of Pd(111) to NO 2 . Yudanov et al. [26] computed kinetic barriers for surface-bulk migration of C, N, and O atoms and predicted that diffusion of oxygen in the bulk becomes appreciable above 900 K. Experimentally it was found that oxygen dissolved in the bulk is suggested to form a Pd-O solid solution and desorbs above 1100 K [1, [11] [12] [13] [14] . All these investigations have resulted in detailed understanding of adsorption mechanisms and reaction pathways within thermodynamic limitation due to vacuum conditions. Thermodynamic equilibrium shifts with pressure, therefore a ultra high vacuum (UHV) study might be not very representative for the real world. In relation to oxide phase formation, the main challenge was to generate high oxygen surface concentration in UHV. To overcome this obstacle, some researchers have tended to use stronger oxidizer such as NO 2 [18] or atomic oxygen [21] [22] [23] 25] . The others have chosen a high pressure oxygen treatment followed by ex situ characterization [27, 28] . Ex situ experiments using UHV surface science methods might also lead to ambiguous results/conclusions because the catalytically active species might not survive reaction quenching by removal of the reaction gases and changing the temperature.
However, an improved understanding of the oxidation mechanism is almost impossible without bridging the pressure gap by carrying out an in situ investigation in the mbar range close to real catalytic combustion. In situ surface X-ray diffraction was used to study palladium oxidation up to 1 mbar [15-17, 19, 20] . Ambient-pressure photoelectron spectroscopy (APPES), which is also referred to as in situ x-ray photoelectron spectroscopy (XPS) or high-pressure XPS, was demonstrated as a new tool for surface science and nanotechnology, which allows one to collect photoemission spectra in mbar pressure range [29, 30] . The applications of APPES for palladium oxidation were reported in Refs [31] [32] [33] . The results for Pd(111) oxidation in the mbar pressure range during a temperature-programmed experiment with both a heating and cooling cycles were reported in Refs [32, 33] . The 2D Pd 5 O 4 surface oxide phase was found to act as a precursor for the bulk PdO phase. Oxygen diffusion to the metal bulk dominated at high temperatures. As a result, the equilibrium shifts towards the bulk species and oxygen cannot accumulate in the near-surface region. On the other hand, accumulation of the oxygen species in the near surface region is critical to create a supersaturated solution, which is again required for triggering of critical PdO nucleation/phase formation. PdO nuclei on the 2D oxide phase were supposed to be catalytically active species in methane oxidation [34] .
Our previous study [32] demonstrated that heating of Pd(111) in 0.4 mbar O 2 leads to the appearance of a specific surface 2D oxide at 655 K; this phase was also referred to as a Pd 5 O 4 incommensurate surface oxide [9] . It is characterized by two Pd 3d 5/2 peaks at 335.5 and 336.2 eV denoted as Pd ox1 and Pd ox2 along with the two O 1 s peak at 528.9 and 529.6 eV denoted as O(I) and O(II) (for more details see Figs. 1, 2; Table 1 in Ref. [32] ). The Pd 3d 5/2 peak at 336.6 eV due to the bulk PdO phase appeared at 720 K (for more detail see Fig. 2 ; Table 1 in Ref. [32] ). Above 815 K the bulk PdO phase decomposed, leaving behind the dissolved oxygen species, which is characterized by the O 1 s peak at 529.0 eV (see Fig. 1 ; Table 1 in Ref. [32] ). The other interesting finding was that no PdO phase growth was observed during cooling [32] . The absence of the PdO phase, and the related strong temperature hysteresis of the oxidation kinetics, was explained by a combination of a lower concentration of the dissolved oxygen species in the nearsurface region and a surface oxide different from Pd 5 O 4 [32] . While Pd 5 O 4 does not form during cooling, supposedly the ffiffiffiffiffi 67 p Â ffiffiffiffiffi 67 p À Á R12:2 structure forms [32] . This phase exhibits a lower oxygen density and is not favorable for PdO seeds to form. In this paper we report on an in situ investigation of isothermal oxidation of Pd(111) and Pd(110) in the mbar pressure range, with special focus on the time-resolved oxidation kinetics. Growth of the bulk PdO phase was confirmed from the PdO nuclei or ''seeds'' as it was supposed in Ref. [32] . The formation of the PdO seeds/particles adsorbed on the surface oxide was also supposed during the oxidation of Pd(111) by atomic oxygen [21] . As we discussed in our previous publication [32] , PdO nucleation is facilitated by a combination of preferential oxygen dissolution in the near-surface region (highest oxygen density below the surface) with the optimum surface oxide precursor Pd 5 O 4 (highest oxygen density at the surface). A quasi-saturated oxygen solid solution should be achieved for the oxide phase to grow. It is conceivable that oxygen solubility, largely limited by the diffusion barrier through the surface lattice, should depend on the Pd surface density, and therefore a close-packed surface such as Pd(111) should exhibit different oxidation kinetics than an open surface such as Pd(110). The heating ramp experiment, as in Refs [32, 33] , might be not adequate to analyze the oxidation kinetics quantitatively. The rates of nucleation and growth should be both temperature/pressure dependent. In this paper, in order to study the oxidation kinetics separately as a function of pressure and temperature, isothermal experiments were performed, with a palladium single crystal being exposed to O 2 keeping temperature/pressure constant. Also, the presence of a surface-covering layer of 2D oxide could act as a ''siteblocker'' for oxygen adsorption from the gas phase, further slowing down the oxidation kinetics toward the 3D PdO phase. To verify these hypotheses, we followed oxidation of two palladium surfaces (111) and (110), by high-pressure XPS.
Experimental Methods
The experiments were performed at beamline U49/2-PGM2 at the synchrotron facility BESSY-2 in Berlin, Germany. The high-pressure XPS set-up, in detail described elsewhere [32, 33] , allowed us to acquire photoelectron spectra in situ in the mbar pressure range. A sample was positioned inside an analysis chamber, which simultaneously serves as a high-pressure cell, 2 mm away from the aperture of 1 mm, used as an entrance to a differentially pumped electrostatic lens system and to a hemispherical analyzer (SPECS Scientific Instruments, Inc.). Temperature was measured by a chromel-alumel thermocouple (K-type) spot-welded onto the side of the sample. Heating of a sample was performed by an IR laser from the rear and the temperature was controlled with a thermal controller.
(111) and (110)-oriented Pd single crystals with orientation accuracy \0.1°(both MaTecK GmbH) were used as samples. The cleaning procedures consisted of repeated cycles of Ar ? sputtering at room and elevated temperatures, annealing at 950 K in UHV, and exposure to O 2 followed by flashing at 950 K for 60 s in UHV. In order to ensure reproducible initial conditions of the surface, the same standard cleaning cycle (Ar ? sputtering and annealing at 950 K in UHV) was run before every experiment. The sample cleanness was checked by XPS.
The following experimental protocol was used to treat a sample in O 2 . First, a sample was exposed to desired oxygen pressure at 350-400 K. Second, after oxygen pressure is stabilized, the sample was heated to a desired temperature with a typical heating rate of *1.5 K/s. A low heating rate was used to avoid temperature oscillation. We did not detect any beam-induced oxidation/reduction during long-lasting experiments, which was tested by sample shifting to a new analysis spot.
The curve-fitting procedure is described in detail elsewhere (see for instance Ref. [33] ). The line shape was assumed to be a Doniach-Sunjic function [35] . Both spinorbital momentum peaks of the Pd 3d doublet were included in the fitting. Therefore, the Pd 3d spectra were fitted by three pairs of components for Pd 3d and one pair for plasmon excitation. The relative ratio of the peaks of the Pd 3d doublet was fixed during the fitting, whereas the Two BEs correspond to two types of oxygen/palladium coordination [9] Top Catal (2013) 56:885-895 887 other parameters such as intensity, FWHM and peak position were allowed to vary within a reasonable range.
Quantification of XPS Data

Calculation of Oxide Thickness
Oxide thickness can be calculated based on the approach proposed by Fadley [36] . For simplicity we assumed that oxide film, the 2D oxide or PdO, uniformly covers metallic palladium and that the 2D oxide and PdO have the same palladium atomic density, q PdO , and the photoelectrons have the same inelastic mean free path (IMFP), K PdO e , in the 2D oxide and PdO. The intensity ratio between metallic component, N Pd (h), and the oxide component, N ox (h), can be used to calculate oxide layer thickness, t ox , as shown below:
Here, q Pd and q PdO are the palladium atomic densities of metallic palladium and palladium oxide, respectively, in atoms per cm 3 ; K (1) is given in the Supporting Information.
It should be underlined that IMFPs depend on the kinetic energy of the photoelectrons. For the photoelectron with the kinetic energy of 120 eV we used 0.417 and 0.465 nm for Pd metal and Pd oxides. It is not important for calculations using Eq. (1), but we always normalize the intensities of the photoelectron peaks. The normalization was done on (a) the ring current (b) the photon flux at a given photon energy. The relative sensitivity factors were also taken for proper photon energy [37] .
Intensity Variation of Pd 3p 3/2 Upon Oxidation
The Pd 3p 3/2 peak overlaps with the O 1s peak and this hinders quantitative and qualitative analysis, especially keeping in mind the Pd 3p 3/2 and O 1s peaks shift upon oxidation. To make sure that our curve fitting protocol is valid and the Pd 3p 3/2 /O 1s region is representative, we have estimated the possible variation of the Pd 3d 3/2 peak during transformation from the 2D oxide to the thick PdO layer. Two extreme cases were conceded: the 2D oxide and the ''infinite'' thick PdO layer. The 2D oxide is well characterized [9] and therefore can serve as a reference. The ''infinite thick PdO layer'' is assumed to have thickness greater than the information depth, which is approximately 1.5 nm for the photoelectrons with the kinetic energy of 120 eV (the photon energy of 650 eV).
Based on our XPS data and the calculations using Eq.
(1), the thickness of the 2D oxide was estimated to be 0.52 nm. The Pd 3p 3/2 emission consists of two contributions: from the 2D oxide and underlining palladium metal; these contributions cannot be separated. Apply Fadley's formalism [36] and assuming the intensity of the Pd 3p 3/2 peak from the palladium metal substrate, N Pd (h) with the 2D oxide overlayer of thickness t, the ratio between the Pd 3p 3/2 contributions for the 2D oxide and the ''infinite thick PdO layer can be written as:
The detailed derivation is provided in the Supporting Information. Numerically the ratio was estimated to be 1.5. This value agrees with the number obtained from the curve fitting of the Pd 3p 3/2 /O 1s region. This was used as validation of the curve fitting protocol.
Results and Discussion
Pd(111)
The isothermal oxidation kinetics of palladium was studied on Pd (111) Figures 1 and 2 show the evolution of the O 1s/Pd 3p 3/2 and Pd 3d photoemission spectra of Pd(111) in situ as a function of time in 0.3 mbar O 2 at 650 K. To keep the same inelastic mean free pass (IMFP) of the photoelectrons emitted from the Pd 3d and O 1s/Pd 3p 3/2 core levels, these two regions were collected at the photon energies of 460 and 650 eV, respectively, which resulted in the kinetic energy of the photoelectrons to be approximately 120 eV. It is critical to keep the same kinetic energy of the photoelectrons for all core levels of interest; otherwise, the photoelectrons traveling through the gas phase would experience the different attenuation and the quantification would be not straightforward. As shown in the right panel of Figs. 1 and 2 , the O 1s/ Pd 3p 3/2 spectra were curve-fitted with four main components: O(I), O(II), O(III) and Pd 3p 3/2 ; the Pd 3d 5/2 spectra were fitted with three doublet components: Pd bulk , Pd ox1 , and Pd ox2 in the same way as in Refs [32, 33] . The extra component for PdO was not added to the Pd 3d fitting; instead of this the Pd ox2 component was allowed to shift towards higher binding energies (BE). Therefore, the Pd ox2 component was used to characterize both the 2D oxide and the bulk oxide phase. The O(II) component represents the 2D oxide and PdO, therefore the O(II) component was allowed to shift in the similar manner as in Ref. [31] . The BEs of the observed oxide species and their properties are summarized in Table 1 .
The Pd ox2 , O(II), and Pd 3p 3/2 components were chosen to be representative of the degree of surface oxidation and the fractions of these components are plotted in Fig. 3 for T = 700 K. The curves look similar to isothermal oxidation at T = 650 K (not shown here). The contribution of the Pd ox2 and O(II) components grew with time, whereas the Pd 3p 3/2 component was losing intensity. Also the Pd 3p 3/2 component was gradually shifting towards higher BEs due to palladium oxidation. The gas phase component of the O 1s peaks at about 538 eV was moving towards lower BEs because upon oxidation the volume charge of the gas phase changes. A lower density of palladium atoms in PdO comparing with metallic palladium can explain weakening of the Pd 3p3/2 component. The magnitude of change is in good agreement with our estimation (see Sect. 3). The expected decrease was estimated to be 1.5 times. The experimentally determined ratio between the initial intensity and the final one, corresponding to the completely oxidized surface, varied between 1.5 and 2.2 (see for instance Fig. 3 ). The experimental value is in a good agreement with the calculated value. This confirmed the appropriateness of our curve-fitting protocol, and this means that the result curve-fitting can be used for quantitative analysis.
As one can see in Fig. 3 , the trends of the Pd ox2 , O(II), and Pd 3p 3/2 components follow a S-shaped, or sigmoidal, profile pointing that the changes are slow in the beginning and then an acceleration is followed by slowing again. The latter slowing is due to a limited information depth: the oxide contribution saturates when the thickness of oxide reaches the information depth. For the kinetic energy of 120 eV, this number is approximately 2 nm. However, the initial slow reaction and the following acceleration are not artifacts and have been observed under all oxidation conditions. The slow initial oxidation, an induction period, lasts as long as 2.5 h in 0.3 mbar O 2 at 700 K (Fig. 3) . From a spectroscopic point of view, no significant changes were observed in the spectra during the induction period: the Pd 3d and O 1s/Pd 3p 3/2 spectra are similar to the fingerprints of the 2D oxide. However, a closer examination reveals that the ratios between Pd ox1 and Pd ox2 and between O(I) and O(II) slowly change. This can be explained by appearance of a ''PdO-like'' species and in our previous work it was assigned to the ''PdO seeds'' [32] . So, the slow oxidation corresponds to formation of these PdO seeds or PdO nuclei. The Pd ox2 and O(II) components show the similar trend with the similar pivot points confirming indirectly correctness of our curve-fitting. On the other hand, the Pd ox2 component is more preferential for quantification of oxide film than O(II) because the O 1s/Pd 3p 3/2 region is too complex and represents a few oxygen species. Keeping in mind the attenuation of the photoelectrons, oxide thickness (not the intensity) is likely the best representative of the oxidation kinetics. Oxide thickness was calculated using Eq. period is characterized by oxide thickness of approximately 0.52 nm, which is close to the 2D oxide [9] . The oxide thickness grows rapidly after the induction period (Fig. 4) . The duration of the induction period varies depending on the temperature and O 2 pressure: in 0.8 mbar O 2 it is *45 min at 650 K and *55 min at 700 K, whereas in 0.3 mbar O 2 it is *80 min at 650 K and *175 min at 700 K (Fig. 4) . At the higher pressure (0.8 mbar), the effect of temperature on the duration of the nucleation stage is not significant (see Fig. 4 ). On the other hand, at the low pressure (0.3 mbar), it increases more than twice as compared to the durations at 650 and 700 K indicated in Fig. 4 . Anyway the trend is clear: as oxygen pressure increases, the rate of oxidation rate increases as well, whereas with temperature the oxidation rate slows down. Likely this is a competition of two processes: formation of PdO nuclei of a certain size and their decomposition. The decomposition rate of the smaller PdO nuclei increases with temperature, whereas the likeliness of formation of larger nuclei is enhanced by increasing O 2 pressure due to larger supersaturation. A critical nucleus is generated by a statistical fluctuation once its radius exceeds a critical value
Whereby the free energy gain by the bulk growth at a certain supersaturation (described in approximation by DSDT) of the nucleus just outbalances the free surface energy c S exhibiting the opposite sign. Consequently, both lower temperatures, i.e. a higher DT with respect to the PdO stability limit, and higher pressures mean higher supersaturation and enhance the statistical frequency of formation of critical nuclei. A limiting case is approached once oxygen pressure and temperature come close to the true thermodynamic stability limit of PdO: then the supersaturation becomes negligible and thus the critical nucleus size formally approaches infinity, meaning that the statistical probability to form such a nucleus approaches zero, and also the effective growth rate becomes zero. Nucleus decomposition might also be enhanced through oxygen diffusion to the bulk, which is enhanced at higher temperatures. Oxygen diffusion into the palladium bulk results in depletion of oxygen concentration in the near-surface region and, therefore, sufficient oxygen supersaturation needed for fast oxide formation cannot be achieved [32] . On the other hand, the required oxygen population can be efficiently replenished at higher pressures; thus, at 0.8 mbar O 2 the duration of the nucleation stage is almost the same at 650 and at 700 K. After the induction period, the O(II) and PdO bulk components grow quickly, which implies that the extended PdO phase growth is dominated by a sufficient number of already present stable nuclei. In Fig. 4 one can see, the rate of the bulk PdO growth is dependent on O 2 pressure. should be facilitated on the open surface and therefore we expected easier (faster) oxidation on Pd(110). But the fast oxidation can occur only under conditions where a supersaturation of the nucleation-relevant near-surface regions with oxygen could be achieved. Surprisingly, a high temperature might be not the best condition due to unwanted fast diffusion into the deep bulk. In order to verify this, the same experimental protocol was used for both Pd(111) and Pd(110) surfaces: the single crystals were exposed to O 2 keeping the temperature and the pressure constant while the XPS spectra were acquired in situ. First, Pd(110) was exposed to 0.2 mbar O 2 at 700 K, and no trace of the PdO phase was detected even after 200 min treatment (spectra not shown here). On the other hand, in 0.7 mbar O 2 at 700 K Pd(110) was covered with the PdO phase within \30 min (spectra not shown here). This is much faster than oxidation of Pd(111) at the identical temperature and pressure (see for instance Fig. 4) . The induction period could hardly be distinguished on Pd(110) under these conditions, meaning that the nucleation period was very short on Pd(110) in 0.7 mbar O 2 at 700 K. This observation is in a good agreement with the study by Westerstrom et al. [15] that reported 'lack of surface oxide layers and facile bulk oxide formation on Pd(110)'. We think that these experiments demonstrated the importance of oxygen supersaturation in the near surface region for a high nucleation rate. Thus, at 0.2 mbar on the open Pd(110) surface, diffusion into the bulk is the dominating process, which successfully competes with accumulation of oxygen species in the near-surface region. Increasing the O 2 pressure to 0.7 mbar enhances the degree of oxygen supersaturation in the near surface region. In order to suppress oxygen diffusion into the bulk, the sample temperature was decreased to 550 and 575 K. (Fig. 5) . The shape of the O 1s/Pd 3p 3/2 peak is similar to the 2D Pd 5 O 4 oxide on Pd(111) (for instance compare the spectrum for 19 min in Fig. 5 with the spectrum for 40 min in Fig. 1 ), which means that on Pd(110) a specific surface oxide species (of yet unknown structure and exact stoichiometry) appears to be present and may also be beneficial to 3D PdO nucleation, just in analogy to Pd 5 O 4 on Pd(111). From this analogy, the predicted difference between BEs of the O(I) and O(II) components should be 0.51 eV and the intensity ratio close to 1:1 (as for the 2D oxide on Pd(111) [9] ), which is quite close to our observation on Pd(110 Similar to the Pd(111) case, the induction period is observed under all oxidation conditions. The duration of the induction period depends on the O 2 pressure and the temperature. At 575 K in 0.7 mbar, the induction period is hardly detectable, whereas at 550 K in 0.2 and 0.6 mbar of O 2 , the induction period is about 85 min. The oxide thickness grows rapidly after the induction period (Fig. 7) . Remarkable, the slope of the fast oxidation curves obtained at the same temperature is similar. On the one hand, this demonstrates that the reaction order of oxygen is zero. On the other hand, slight temperature dependence confirms that the oxidation is an activated process. Oxygen diffusion to the bulk is suppressed at the low temperatures on Pd(110) and therefore diffusion does not compete with oxidation.
The nature of the species characterized by the O(III) component at 530.8 eV was not discussed. However, this component is clear distinguishable at later stage of the oxidation on Pd(111) and Pd(110) (see for instance Fig. 1 , spectrum for 249 min and Fig. 5, spectrum for 197 min) . The intensity of the O(III) component was growing with PdO and the depth profiling varying the photon energy demonstrated the surface nature of this species. We supposed that the O(III) component is characteristic of PdO 2 .
Comparing Pd(111) and (110) Surfaces
A few differences between the Pd(111) and Pd(110) surfaces can be noticed: (1) the oxidation temperature is more than 100°lower for Pd(110), and (2) typically the duration of the nucleation period is shorter for Pd(110). The other remarkable difference can be seen comparing Figs. 4 and 7: the oxidation rate (during the second stage-the fast oxidation) is temperature independent but pressure dependent on Pd(111) (Fig. 4) , whereas on Pt(110) the oxidation rate is vice versa: temperature dependent and pressure independent (Fig. 7) . Switching between Pd(111) and Pd(110) results in that the oxidation regime changes.
The first stage of palladium oxidation, the induction period, is associated with appearance of PdO nuclei. The oxide phase forms based on the PdO nuclei and the time Oxidation of Pd(111) was performed at 650 and 700 K. Likely, these temperatures are already close to the thermodynamic stability limit of PdO and the process there is thermodynamically controlled PdO nucleation. Pd(110) was oxidized at 550 and 575 K. At these temperatures nucleation/oxidation is predominantly kinetically controlled. At the second stage, the oxidation rate is independent of the temperature on Pd(111); the slope of the oxide thickness is approximately the same at 650 and 700 K. However, the oxidation rate increases with the pressure, which might be an effect of the diffusion of oxygen in the bulk. At high temperatures, the diffusion rate becomes essential and diffusion competes with oxidation. This was clear for the open surface, Pd(110), when palladium could not be oxidized in 0.2 mbar O 2 at 700 K due to the fast oxygen diffusion in the bulk on the open surface. The oxygen supersaturation in the near-surface region was achieved and the surface was oxidized very fast in 0.7 mbar O 2 . At the lower temperature (550 and 575 K), the diffusion is not essential and, as a result, no pressure dependence is observed (Fig. 7) .
Summary
Oxidation of the Pd(111) and Pd (110) 550 \ T \ 700 K. It was found that oxidation is slow in the beginning on both surfaces and then accelerates. The initial slow oxidation, the induction period, is governed by nucleation of PdO ''seeds''. Pd(110) could be oxidized at lower temperatures than Pd(111) at the same O 2 pressure. Due to the higher temperature, on Pd(111) the statistical rate of formation of critical nuclei is thermodynamically limited, therefore a temperature increase causes the requirement of larger critical nuclei and thus lowers the frequency of nucleus formation over time and thus also the overall rate of oxidation. Oxidation of Pd(110) runs at lower temperature and therefore nucleus formation is kinetically limited. Low temperature oxidation of Pd(110) was possible because the open Pd(110) surface has a higher oxygen permeability and a supersaturated oxygen concentration in the near surface region can be achieved more easily. Depth profiling varying photon energy demonstrated that oxidation propagates in the bulk of palladium and along the surface. Likely, the PdO 2 species exists on the surface of PdO.
